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ABSTRACT
Kelemencky, Sara. M.S. The University of Memphis. May 2013. New 1-D and 3D Velocity Models and Hypocenter Locations for the Charlevoix Seismic Zone. Major
Professor: Christine Powell, Ph.D.
We present new 1-D and 3-D P- and S-wave velocity models for the active
Charlevoix seismic zone (CSZ). The CSZ has generated several damaging earthquakes
but the causative reason for the seismic activity in this intraplate region is unknown.
Structure developed during prior tectonic events could be influencing present day seismic
activity. Previous velocity models derived from local earthquake tomography utilize an
overly simplistic half-space starting model. We develop improved 1-D P- and S-wave
starting models using VELEST. These models contain several layers in the depth range 0
to 30 km and provide better starting models for 3-D inversion. Our new 3-D P- and Swave velocity models contain several interesting anomalies that will provide insight into
what factors influence earthquake occurrence in the CSZ. Relocated hypocenters outline
the spatial extent of currently microseismically active seismogenic faults.
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Introduction
The Charlevoix seismic zone (CSZ) is located about 100 km northeast of Quebec
City, Canada, and is an important role in seismic hazard (Figure 1). The spatial
dimensions of the zone are 30 by 85 km and about 250 events are recorded every year.
The CSZ is not close to any plate boundary and is considered an intraplate seismic zone,
much like the New Madrid seismic zone (NMSZ). While the NMSZ is buried under
layers of sediments, the CSZ has basement rocks exposed at the surface, creating an
excellent opportunity to investigate the relationship between the tectonic framework of
the seismogenic basement and present-day earthquake activity. Most CSZ earthquakes
occur below the St. Lawrence River and the river separates rocks involved in two
different orogenies. Grenville basement is found on the northwest shore, while rocks
emplaced during the Appalachian orogeny are located on the southeast shore. Failed rift
faults exist in the Grenville basement associated with opening of the Iapetus Ocean. In
addition, a Devonian meteor impact created a crater 56 km in diameter and affected rocks
up to 12 km deep. Roughly 80% of the CSZ earthquakes occur in the depth range 5 -15
km in Grenville basement rocks. The CSZ has generated several damaging earthquakes
but the causative reason for the seismic activity in this intraplate region is unknown.
The purpose of this thesis is to study the velocity structure of the CSZ region to
look for correlations between seismicity and geologic basement features. We use local
earthquake tomography, which simultaneously relocates hypocenters while finding the
velocity structure of the region. Relocating hypocenters and obtaining improved velocity
models will improve resolution of structure in the upper to mid crust. This can help us
better understand the main mechanism for the seismicity in the region. For example,
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CSZ seismicity could be due to regional stresses reactivating failed rift faults, local
stresses acting on the impact’s fractured rock, or a combination of both.

Figure 4. Map showing location of Charlevoix seismic zone in eastern Canada
(Lamontagne, 1999).
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Background
Tectonic History and Geology of the CSZ
The Charlevoix seismic zone is complicated in terms of its geological history. The
region was involved in the ~1.1 Ga Grenville orogeny that produced the supercontinent
Rodinia (Figure 2a) (Thomas, 2006). The seismic zone is on the eastern most edge of the
exposed Grenville Province in northeastern Canada. The Grenville Province is considered
the youngest part of the Precambrian shield. Its origin has yet to be completely
established but it contains some accreted terranes as well as reworked material of the
Superior Provence and Paleoproterozoic-age rocks (Menke, 2012; Taylor, 1989).
Grenville basement rocks hosting the CSZ experienced medium- to low-pressure
metamorphism and form part of the interior magmatic belt. Magmatic intrusions include
granitoid and gabbroic rocks as well as anorthosite-mangerite-charnockite-granite
complexes (Hynes & Rivers, 2010).
The breakup of Rodinia and the opening of the Iapetus Ocean at about 700 Ma
(Figure 2b) created a failed rift system in the present location of the CSZ. The ancient
ocean closed during the Appalachian orogeny creating Pangaea, another supercontinent
(Figure 2c). The Appalachian orogeny consisted of three phases. The first, called the
Taconic orogeny, (550-440 Ma) involved the accretion of a volcanic arc with North
America and resulted in the emplacement of thrust sheets in the Charlevoix seismic zone
area (Lamontagne, 1999; Thomas, 2006). A decollement exists between the Grenville
basement and the Appalachian thrust sheets in the crust beneath the CSZ at a depth of
about 5 km. A small layer of Cambro-Ordovician platformal rocks lies between the
Grenville and Appalachian rocks and probably represents a remnant of a once continuous
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platform cover (Kumarapeli, 1985). The platform rocks are not exposed on either shore
of the St. Lawrence River in the CSZ area. The surface projection of the boundary
between the Grenville and Appalachian rocks is known as Logan’s Line (Figure 3)
(Anglin, 1984). Logan’s Line trends northeast-southwest and lies below the St.
Lawrence River (Lamontagne, 1999). Logan’s Line is a good example of the mismatch
between surfacial and deep-boundaries since Grenville-age rocks are known to extend
further to the east in a series of step-faults (Kumarapeli, 1985).
Another significant geologic event that affected the area is a Devonian meteor
impact at about 360 Ma (Rondot, 1971). It created a 56 km wide diameter crater with
estimated faulting extending to a depth of approximately 12 km (Rondot, 1994) (Figures
4 and 5). The crater ring is easily seen in the topography of the area and straddles the
Canadian shield (Grenville) and the Appalachian thrusts (Figure 4) (Rondot, 2000). The
northwestern part of the structure shows two major features: a ring graben and a central
uplift. The southeastern part is mostly under water in the Saint-Lawrence River.
The last tectonic event to affect the area is the opening of the Atlantic Ocean and
break up of Pangaea in the Mesozoic (Lemieux, Tremblay, & Lavoie, 2003; Thomas,
2006). This may have resulted in reactivation of the Iapetan rift normal faults in the CSZ
basement (Baird, McKinnon, & Godin, 2010). The Mid-Atlantic Ridge likely provides
the greatest source of present-day stress in the midplate stress province of eastern North
American where the CSZ is located; the province is dominated by NE-SW oriented
maximum horizontal compressive stress (Zoback &Zoback, 1991).
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Figure 5a. Assembly of Rodinia. Basemap by Thomas (2006) with study area indicated
by red star.
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Figure 2b. Break up of Rodinia. Base map by Thomas (2006) with study area indicated
by red star.
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Figure 2c. Assembly of Pangaea. Base map by Thomas (2006) with study area indicated
by red star.

7

Figure 3. Mapped and interpreted structures of CSZ, either faults (solid lines) or
lineaments (dashed lines). G is the internal graben mapped on shore and interpreted
offshore (Vlahovic, Powell, & Lamontagne, 2003).

8

Figure 4. Topography map of impact crater in CSZ (Rondot, 2000).

Figure 5. Profile of Charlevoix crater with approximate depth and features (Rondot,
2000).
9

Seismicity: Historical to present-day events
The CSZ has produced large historical earthquakes that have been felt as far as
Boston. In 1663 an earthquake associated with the CSZ, with an estimated magnitude of
Mw 7.3-7.9, caused damage as far away as Roxbury and Boston, Massachusetts (Ebel,
2011). The magnitudes for other large events are estimated as Mw 7.0, in 1791, and Mw
6.2, in 1925 (Bent, 1992). Five earthquakes exceeded magnitude 6.0 since 1663 and more
than 250 micro-earthquakes are recorded every year. Throughout human history, these
large events happen about every 100 years in the CSZ making it the most seismically
active region in eastern Canada.
A permanent seismic network consisting of 7 stations records CSZ earthquakes.
Deployment of temporary stations brings the maximum number of stations up to 14 for
limited time intervals. Between October 1977 and December 1999, the local seismograph
network recorded more than 2500 earthquakes with magnitudes (M) between -1.0 and
5.0. Epicenters define a 30 by 85 km ellipse with the long axis parallel to the St.
Lawrence River. At depth, these earthquakes occur solely in the Precambrian basement
from the near-surface to 30 km depth, with two thirds between 7 and 15 km
(Lamontagne, Keating, & Toutin, 2000). Earthquakes are not distributed uniformly across
the seismic zone, but concentrate in groups separated by less active areas (Anglin, 1984).
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Previous Studies
There have been many studies involving the CSZ to determine the cause of
earthquakes in this stable continental region. These investigations utilize a variety of
techniques including remote sensing imagery, seismic methods, gravity, and magnetics.
These studies help identify Precambrian basement faults at the surface and at depth under
the Appalachian nappes (Lamontagne et al., 2000).
Lamontagne et al. (2000) integrated many of these studies and suggested that
three large Iapetan faults, the St-Laurent, South Shore, and Charlevoix faults (Figure 3)
seem to bound seismogenic volumes of rock rather than being active themselves. These
authors speculate that these faults separate blocks with different fracturing levels and,
conceptually, the foot-walls of these three normal faults may be highly fractured, and/or
subject to high pore-fluid pressures. The best correlation between an Iapetan fault and
earthquakes is found in the NE part of the zone, outside the impact crater. Hypocenters
define a narrow, steeply-dipping seismogenic volume, possibly representing the
Charlevoix fault. Inside this volume, earthquakes may or may not occur directly on the
main fault, as shown by variability in the focal mechanism solutions.
There has been much debate about the relationship of the impact structure to
current earthquake activity since events are not distributed over the whole crater (Figure
6). The structure might contribute to the inherent weakness of the region. Larger events
tend to concentrate at both ends of the CSZ and at the periphery of the impact structure.
Focal mechanisms for the larger earthquakes display some consistency, suggesting
reactivation in response to regional compression (Lamontagne et al., 2000) but, within
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the impact structure, the highly fractured basement releases strain energy in small
earthquakes with variable fault plane orientations (Lamontagne et al., 2000).

Figure 6. Topography and seismicity relief of CSZ. (Darker colors represent lower areas,
while red is higher (Lamontagne et al., 2000).

Lamontagne et al. (2000) tentatively explains the seismicity of the CSZ through a
combination of factors. Fault zones may be irregular surfaces, surrounded by highly
fractured rocks and the impact zone may have weakened some preexisting faults. These
highly fractured zones respond primarily to regional stresses, but smaller events may be
responding to local changes in stress and/or strength. The whole process can be
enhanced, especially for deeper events, by high pore-fluid pressures (Lamontagne &
Ranalli, 1996).
12

Lamontagne (1999) determines a total of 25 focal mechanisms over the time
period 1977 to 1999 for earthquakes ranging in magnitude from M 2.0 to 6.2. He finds
that, in general, CSZ earthquakes are produced by strike-slip to reverse faulting on fault
planes with orientations not always consistent with those of the rift faults.
Baird et al. (2010) use 3-D stress models of the CSZ to demonstrate that the
background seismicity patterns can be explained by the intersection of weak faults of the
St. Lawrence rift with the damage zone created by the Charlevoix impact. The weak
faults modify the pattern of stress around the crater resulting in a stress concentration in
the volume between the rift faults within and beneath the crater. They suggest that there
is no significant local source of stress driving the seismicity, but the model results require
that the rift faults be inherently weak.
Vlahovic et al. (2003) develop a three-dimensional P wave velocity model for the
CSZ using a homogeneous halfspace starting model. They resolve many features in the
crust that can be associated with surface geology or tectonic features. High velocity is
imaged at the center of the impact crater, and low velocities, interpreted to represent
highly disrupted rocks, surround this central, high-velocity region. There is also an
elongated, high-velocity body at midcrustal depths trending parallel to the St. Lawrence
River. The high velocity region extends over 40 km and is flanked by low velocities over
a significant portion of its length. The high velocity could be due to the presence of
common basement rocks such as anorthosite. The presence of the high-velocity feature
explains the separation of CSZ earthquakes into two bands; one band exists on each side
of the body. The occurrence of larger earthquakes (magnitude ≥ 4) along the northern
periphery of the high velocity region suggests that stress amplification could be
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influencing earthquake distribution. Powell (2011) conducted a 3-D velocity inversion
using the same homogenous starting model but with an event dataset almost twice as
large as that of Vlahovic et al. (2003). The results are similar to those determined by
Vlahovic et al. (2003) but with increased resolution.
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Data
P and S arrival times used in this project are picked and weighted by analysists at
Natural Resources Canada. Events occur from December 1988 to August 2011 and are
recorded by up to 14 local stations. Seven of these stations constitute the permanent CSZ
local network. We use a total of 1329 events and 8540 P-wave and 8304 S-wave travel
times (Figure 7).

Figure 7. All local stations and events used for thesis study.

The P and S picks for some of the events and the associated weights are checked
to see if the weighting system is realistic and precise. P picks are always given the
highest grade weight of 0 (Quality “A” of the Geological Survey of Canada (GSC)
scheme) due to the impulsive nature of the arrivals. S picks are harder to recognize even
with 3 component recordings, and often given a lesser rating of 2 (Quality “B”) or 3
(Quality “C”). According to the GSC, a quality “A” means +/- 0.25 s error, but is usually
15

within +/- 0.05 s, a “B” quality means an error of +/- 1.0 second, but is usually +/- 0.1 s,
and a “C” quality means an error of +/- 4 s but is probably +/- 0.4 s (M. Lamontagne,
personal communication). A selection of waveforms for a range of magnitudes is
presented in Figure 8 along with the picks made by the author and the GSC analyst. Our
picks are very similar to those made by the GSC analyst and we proceeded using the
weighing scheme developed by the GSC. P and S arrivals are impulsive across the local
network for all earthquakes.
Our starting 1D velocity models come from Lamontagne (1999), where a North
and a South shore model are determined for each side of the St. Lawrence River.
Lamontagne (1999) also determined a homogeneous halfspace model that is used in prior
3D velocity inversions by Vlahovic et al. (2003).
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Figure 8a. Waveforms for February 24, 2012 magnitude 4.0 event at station LMQ and
A54. Shows distinct P and S arrivals. Picks made by the author (blue) at station LMQ
were 22:47:24.37 for P wave and 22:45:25.85 for S wave, and at station A54 22:47:26.00
for P wave and 22:47:28.97 for S wave. The GSC analyst (red) picks at station LMQ
were 22:47:24.38 for P wave and 22:47:25.85 for S wave, and at station A54 22:47:26.03
for P wave and 22:47:28.98 for S wave. For station LMQ, difference in P wave was
+0.01 s and in S wave 0.00 s. For station A54, difference in P wave was +0.03 s and in S
wave +0.01 s.
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Figure 8b. Waveforms for December 12, 2012 magnitude 4.4 event at station LMQ and
A54. Shows distinct P and S arrivals. Picks made by the author (blue) at station LMQ
were 17:46:11.54 for P wave and 17:46:15.64 for S wave, and at station A54 17:46:13.35
for P wave and 17:46:18.95 for S wave. The GSC analyst (red) picks at station LMQ
were 17:46:11.55 for P wave and 17:46:15.70 for S wave, and at station A54 17:46:13.40
for P wave and 17:46:18.97 for S wave. For station LMQ, difference in P wave was
+0.01 s and in S wave +0.06 s. For station A54, difference in P wave was +0.05 s and in
S wave +0.023 s.
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Inversion
1-D inversion: VELEST
We use the program VELEST (Kissling, 1995) to invert simultaneously for
earthquake locations, 1D velocity structure and station corrections. The inversion is made
through a least squares formulation, minimizing the weighted misfit between predicted
and observed arrival times. Kissling, Ellsworth, Eberhart-Phillips, & Kradolfer (1994)
describe details of the inversion process. Briefly, the arrival time of a seismic wave
generated by an earthquake is a nonlinear function of the station coordinates, s, the
hypocentral parameters, h, and the velocity distribution, m:

Tobs = f(s,h,m).

(1)

The unknowns are the hypocentral parameters and the velocity distribution. We
begin by using the initial earthquake locations and origin times and, to the greatest extent
possible, an informed estimate of a starting velocity model. We trace rays from an initial
earthquake location to the stations through the starting velocity model and calculate
theoretical arrival times, Tcalc. The differences between the observed and calculated
arrival times, Tres, are then expanded as functions of the differences between the
calculated and true hypocentral and velocity parameters. A linear relationship between
travel time residual and adjustments to the hypocentral and velocity parameters is
obtained by applying a first-order Taylor expansion to (1):

Tres = Tobs – Tcalc = k=1,4 (f/hk) hk + i=1,n ((f/mi) mi + e
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(2)

Where
hk = adjustments to the hypocentral parameters (geographic coordinates and origin time)
mi = adjustments to the n velocity parameters
e = travel time errors including picking errors, errors in station locations, and errors
introduced by the linear approximation

In matrix form (2) is expressed as:
t = Hh + Mm + e = As + e

(3)

Where
t = vector of travel time residuals
H = matrix of partial derivatives of travel time with respect to hypocentral parameters
h = vector of hypocentral parameter adjustments
M = matrix of partial derivatives of travel time with respect to model parameters
m = vector of model parameter adjustments
e = vector of travel time errors
A = matrix of all partial derivatives
s= vector of hypocentral and model parameter adjustments

The inverse problem is solved by full inversion of the damped least squares
matrix (ATA + L) where L is a damping matrix. For ease of computation, A is separated
into the two smaller matrices, H and M, using a method developed by Pavlis and Booker
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(1980). The reduced form of A pertaining to the velocity model can then be solved
separately to obtain the same solution as if the entire matrix were being inverted
(Kissling, 1988). Since the inverse problem is non-linear, the solution is obtained
iteratively, where one iteration consists of solving both the complete forward problem
and complete inverse problem.
The VELEST approach produces a “minimum 1D model” which is the 1D
velocity model that represents the least squares solution to (3). Calculating a minimum
1D model is a trial and error procedure using different starting velocity models, damping
and control parameters. A recipe for computing the 1D model is found in Kissling et al.
(1994). First, an a priori velocity model must be established, which involves gathering as
much previous information about the velocity structure as possible. Previous 1-D velocity
models constructed for Charlevoix are the halfspace, North, and South shore models
(Lamontagne, 1999; Vlahovic et al., 2003). The North and South shore models include
velocity changes at 8 and 12 km and these are incorporated into our a priori model. Next,
the layer thickness, or velocity geometry, must be established. Layer thickness is not
adjusted in the inversion so it must be specified. We begin by considering a velocity
model with many layers near the surface and a smaller number at larger depths. As more
inversions are run, adjacent layers can be combined if they produce similar velocity
values. Several models with different layer geometries may be determined that appear
equally appropriate.
The best velocity values for a given layer geometry are determined through a trial
and error method that involves specifying a suite of starting velocity models and
determining if the inversion solutions converge to one final model. In practice, three
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different starting velocity models are assigned that span the extremes of very low crustal
values to very high crustal values. Once an acceptable velocity model is determined,
additional checks are made to ensure robustness. For example, the velocity model is fixed
along with station corrections, and a relocation of hypocenters is conducted to see if they
shift systematically from the original hypocenters. If a systematic shift is observed, the
implication is that there is a bias in the velocity model and station corrections. When
there is no bias, hypocenters do not deviate significantly, and the final velocity model
retains significant a priori information, the resulting velocity model with corresponding
station residuals is the ‘Minimum 1-D Model’ (Kissling et al., 1994). Raypaths in the
topmost layers are mostly subvertical and, therefore, the resolution in these layers is
generally lower than in the central layers that contain the hypocenters.
In our study, we determined P- and S-wave models independently. The minimum
1D models obtained are shown in Figure 9 along with the range of starting models used
in the computation. We did not allow the presence of low velocity layers (LVL) in our
starting models because the presence of LVLs can have profound effects on raypaths. In
addition, VELEST solutions often contain LVLs where there are none (Kissling, 1995).
We checked for the possible insertion of bogus LVLs using a synthetic travel time data
set. We constructed simple three layer P- and S-wave models with velocity increasing
with depth (no LVL) and computed travel times using the same source and station
geometry shown in Figure 7. Synthetic times are calculated using an analytical 3-D raytracing algorithm (Abers & Roecker, 1991). The resulting VELEST solution did include a
LVL and thus we programed VELEST to not allow the presence of an LVL.
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3-D inversion: Local earthquake tomography
The 3D inversion is conducted using a modified version of the non-linear travel
time tomography method developed by Benz et al. (1996). The modified version allows
simultaneous inversion for P- and S- wave velocity structure and earthquake locations
(Tryggvason, Rögnvaldsson, & Flóvenz, 2002). The forward part of the algorithm
(arrival time computations and raytracing) is performed using a finite difference
algorithm that computes the time field from a source (or station) to all cells in the model
(Podvin & Lecomte, 1991). The inversion is performed using the efficient and
numerically stable conjugate gradient solver LSQR (Paige & Saunders, 1982). The
inversion volume has dimensions of 76 by 76 km horizontally by 30 km vertically
(Figure 7). The size of the cells is 2 km by 2 km by 2 km and is determined by the
source-station geometry. The number of nodes in the velocity grid is magnified four
times in the horizontal and vertical directions to construct a grid for arrival time
calculations. Constraining equations that minimize the roughness of the slowness field
are used to stabilize the solution and minimize artifacts due to model parameterization.
Smoothing parameters are determined by a trial and error procedure using real and
synthetic data and chosen to minimize artifacts in the solution while still resolving the
magnitude of synthetic anomalies.
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Starting model
The minimum 1D velocity models generated using VELEST (Figure 9) resulted
in unreasonable 3D velocity solutions. We modify the VELEST model to overcome this
problem by replacing the low velocity top layer with the same velocity as the layer below
(Figure 10) and find that the modified model produces much more reasonable 3D
solutions. Resolution is very low in the top VELEST layer so the modification is
reasonable, which was seen in our synthetic checkerboard model inserted in that top layer
(Figure 11). When the original VELEST starting model was applied to the real data, it
resulted in unreasonable 3D velocity solutions in the upper 6 km (Figure 12). We tested
the modified VELEST models using synthetic checkerboard tests seen in Figures 13. A
checkerboard model consisting of alternating ± 10% velocity anomaly blocks separated
by 4 km wide zones of “normal” velocity is inserted in each of the six different velocity
depths (0-6 km, 6-8 km, 8-12 km, 12-16 km, 16-22 km, and 22-30 km). Synthetic travel
times through the model were determined using the source – station geometry shown in
Figure 7. The results, shown in Figure 13, indicate that the modified VELEST model is
better able to recover the input anomalies. The modified VELEST model is used as the
starting 1D model for all subsequent 3D inversions.
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a)

b)

Figure 9. Input starting velocity models for a) P- and b) S-wave in dashed lines with
corresponding VELEST output models after iterations in corresponding color (solid
lines).
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a)

b)

Figure 10. a) P-wave starting 1-D velocity models b) S-wave starting 1-D velocity
models. Homogeneous halfspace (black) model, original Minimum 1-D model (blue),
and modified Minimum 1-D model (red). Last two found using VELEST.
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Synthetic models for the 3D solutions
Resolution and selection of smoothing parameters for the 3D inversion solutions
are determined using checkerboard synthetic models constructed as described above. The
results are shown in the Appendix and indicate that resolution is adequate to a depth of
about 16 km. Resolution can also be estimated by plotting raypath coverage. Figures
containing raypath coverage for the P- and S-wave velocity solutions can be found in the
Appendix.
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Results
P- and S-wave velocity solutions are presented in Figure 14. Hypocenters located
within each layer are plotted. Cross sections shown in Figure 15 are taken parallel to the
trend of the CSZ and perpendicular to the Iapetan faults.
The new P and S wave velocity models are very similar in terms of the locations
and signs (positive or negative) of velocity anomalies to a depth of 8 km. Below 8 km,
the magnitudes of the S-wave velocity anomalies diminish appreciably and the Vp/Vs
ratios are strongly influenced by the magnitudes of the P-wave velocity anomalies.
Below 18 km, resolution decreases and the velocity model cannot be resolved due to poor
ray coverage. A comparison between old and new relocated hypocenters can be seen in
Figure 16.
Focal mechanisms are available for some of the events in our data set and include
strike, dip, and rake information (Adams, 1991; Bent, Drysdale, & Perry, 2003;
Lamontagne, 1998; Mazzotti & Townsend, 2010). These mechanisms are plotted together
in map view and in a cross section to see if a correlation exists between the orientation of
the focal planes and Iapetan faults (Figure 17).
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a)

b)

Figure 11. Synthetic checkerboard inserted between 0-6 km of original VELEST starting
model for a) P- and b) S-wave.
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a)

b)

Figure 12. Real data 3D inversion for original VELEST starting model for a) P- and b) Swave for depths between 0 and 6 km.
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Figure 13a. P-wave synthetic checkerboards put in for each layer using the modified
VELEST starting model.
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Figure 13b. S-wave synthetic checkerboards put in for each layer using the modified
VELEST starting model.
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Figure 14. 3D inversion of real data using the modified VELEST starting model, where
each row is the same layer. Left column shows velocity % change of P-wave. Middle
column shows velocity % change of S-wave. Right column shows Vp/Vs ratio.
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Figure 14 (cont.). 3D inversion of real data using the modified VELEST starting model,
where each row is the same layer. Left column shows velocity % change of P-wave.
Middle column shows velocity % change of S-wave. Right column shows Vp/Vs ratio.
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Figure 14 (cont.). 3D inversion of real data using the modified VELEST starting model,
where each row is the same layer. Left column shows velocity % change of P-wave.
Middle column shows velocity % change of S-wave. Right column shows Vp/Vs ratio.
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Figure 15. Cross sections through 3D inversion of real data.
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Figure 15 (cont.). Cross sections through 3D inversion of real data.

37

Figure 15 (cont.). Cross sections through 3D inversion of real data. The abbreviation
“para” stands for parallel to Iapetan rift faults.

38

a)

b)

Figure 16. a) Shows both original (black) and relocated (white) hypocenters after using
modified VELEST starting model b) profile B cross section.
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a)

Figure 16a. Map view of the focal mechanisms determined previously (Adams, 1991;
Bent et al., 2003; Lamontagne, 1998; Mazzotti & Townsend, 2010) for events found in
our dataset. Letters next to the focal mechanisms are the quality given to the solution, A
being high, while C being low quality.
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Figure 16b. Shows a cross section of all the focal mechanisms. Location of the profile is
perpendicular to the failed Iapetan rift faults and indicated in Figure 16a. Circle shows
thrust focal mechanisms mentioned in discussion. Letters next to the focal mechanisms
are the quality given to the solution, A being high, while C being low quality.
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Discussion
Our results illustrate the influence that a starting model has on 3D velocity
inversions. In an ideal world, the final result should not depend on the starting model. But
this is common when the problem is nonlinear – one has to be close enough to the correct
solution for the linearization to be valid. Extreme care must be taken in using VELEST to
develop an appropriate 1D model. Our original 1D VELEST model is determined
following the procedure outlined in Kissling (1995) and appears to be very robust.
However, when used in the 3D inversion, the resulting P- and S-wave velocity solutions
are unrealistic at depths shallower than 8 km (Figure 12). Synthetic checkerboard models
confirm the inadequacy of this 1D starting model (Figure 11). Fortunately, a simple
modification involving replacement of the low velocity uppermost layer with velocity
values equal to those in the layer below produced a modified VELEST 1D model that,
when used as a starting model for the 3D inversions, reproduces synthetic checkerboard
models with high fidelity. The upper layers in a VELEST inversion are usually not well
resolved and the modification to the original VELEST 1D model is justified by
examining how the low velocity upper layer affects raypaths. As can be seen in Figure
12, the velocity anomalies are confined to just below the stations suggesting that the low
velocity layer is causing raypaths to bend almost vertically upward.
The 3D inversion solutions are insensitive to the starting 1D velocity model below
a depth of 8 km. Below this depth, velocity anomalies in the S-wave velocity solution
become subdued. Conceivably, this change in velocity anomaly magnitude could be due
to improper weighting of the arrival times. However, our analysis of waveforms for CSZ
earthquakes suggests that the weights provided by the GSC are appropriate (Figure 8).
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Also, as seen in our synthetic checkerboard inversions (Figure 13b), S-wave anomalies
can still be resolved at depths below 8 km. This indicates that the observed diminished
magnitudes of the S-wave anomalies are not due to inadequate raypath coverage or an
inappropriate starting model. The diminished S-wave velocity magnitudes could be due
to inappropriate station corrections. We did not use the station corrections determined by
VELEST in our 3D inversion because they appeared to “over correct” the solution in the
top two layers (i.e. incorporation of the corrections reversed the signs of the anomalies).
However, use of these station corrections had no effect on the solution below a depth of 4
km. We conclude that the observed diminished magnitudes of the S-wave anomalies in
Figure 14 are related to minimal changes in the physical properties of the basement rocks
rather than to errors in the starting model, raypath coverage, the travel time picks or
weights, or inappropriate station corrections.
There is a distinct region of high velocity in the northern part of the CSZ between
6 and 14 km depth (Figure 14). Seismicity appears to avoid this area and larger events
seem to surround it. In the northern cross sections (profiles A-D Figure 15), bands of
seismicity can be observed on either side of the high velocity region. This feature is also
found in the P-wave inversion conducted by Vlahovic et al. (2003) and is attributed to the
presence of anorthosite based upon the high velocity values and associated potential field
anomalies. Our P-wave and S-wave results also suggest the presence of anorthosite but
further conformation will have to await forward modeling to determine the absolute Pand S-wave velocities associated with the anomalous feature. These values can then be
compared to measured rock velocities (Christensen, 1996).
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Relocated hypocenters cluster into a plane dipping steeply to the southeast in the
northwest part of profiles A-E (Figure 15). The dip becomes shallower and the seismicity
becomes more diffuse as the profiles move to the southwest. A second cluster of
seismicity is located near the center of profiles A-E. This cluster is diffuse and shallows
to the southwest. Earthquakes in this cluster are shallowest in profiles D-F, the profiles
located within the impact structure. Conceivably, the shallow activity could be related to
fracturing produced by the impact. Earthquakes plotted along the trend of the seismic
zone (Figure 15 parallel profiles) appear to avoid regions with high Vp/Vs ratios. The
cluster of earthquakes located in the center of profiles A-E is associated with low Vp/Vs
ratios. Low Vp/Vs ratios are also found below the impact crater suggesting the presence
of fractured rock. No relocated earthquakes occur above 5 km within the Appalachian
nappes and Ordovician sediments; seismicity is confined to the Grenville basement.
Fault planes determined from focal mechanism solutions (Figure 16) are compatible with
thrust faulting along the steeply dipping cluster of seismicity observed in the northwest
portions of profiles A-E (Figure 15). Other than this apparent correlation, the focal
mechanisms do not suggest reactivation of Iapetan faults; most earthquakes are thrust
events but focal planes do not orient along the trends of the Iapetan faults.
Future work can be done on the area, in terms of finding more focal mechanisms,
recording more events, interpreting Vp/Vs, and fine tuning 1D velocity models. The
program VELEST shows the capacity to really understand event data and can produce
good 1D velocity models when used correctly. Also, the basement structure and cause of
seismicity of the CSZ will become clearer by continuing to add more hypocenters to the
event file and doing more in depth interpretation of Vp/Vs ratios.
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Conclusion
We determine new 1D and 3D velocity models for the active Charlevoix seismic
zone. The program VELEST is used to construct 1D P- and S-wave velocity models.
Use of these models as starting models for 3D inversions do not produce reasonable
results and the original VELEST models are modified. The modification involves
replacing a low velocity uppermost layer with the same velocities as those in the layer
below. The modified VELEST models are used to develop 3D P- and S-wave velocity
models using a local earthquake tomography algorithm. The problems encountered with
the VELEST starting models underscore the need to proceed cautiously when developing
starting models and to check the validity of the resulting 3D solutions using synthetic
datasets.
Similar high and low velocity anomalies are present in the 3D P- and S-wave
velocity solutions but at depths exceeding 8 km, the magnitudes of the S-wave anomalies
diminish appreciably. The small magnitude S-wave anomalies appear to be related to
physical properties of the basement rocks rather than to errors in the starting model,
inadequate raypath coverage, inappropriate travel time weights, or non-inclusion of
station corrections. A region of high velocity is present below depths of 6 km in the
portion of the CSZ north of the impact crater. Relocated hypocenters occur on either side
of the high velocity region. Hypocenters located on the northwest side are tightly
clustered and define a plane dipping steeply to the southeast. This seismically active
plane could be associated with the mapped Gouffre River Fault (Figure 5). Reactivation
of this rift fault as a reverse fault in the present-day stress field is supported by focal
mechanism solutions. Our results strongly suggest that reactivation of ancient Iapetan rift
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faults, rather than fractured rocks associated with the Devonian meteor impact, is
controlling the distribution of seismicity.
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APPENDIX A
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Figures above show synthetic checkerboard inserted in the 6 to 8 km in depth layer for
the P arrivals shown in velocity percent change, along with ray coverage on the right.

Figures above show synthetic checkerboard inserted in the 6 to 8 km in depth layer for
the S arrivals shown in velocity percent change, along with ray coverage on the right.
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Figures above show synthetic checkerboard inserted in the 8 to 12 km in depth layer for
the P arrivals shown in velocity percent change, along with ray coverage on the right.
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Figures above show synthetic checkerboard inserted in the 8 to 12 km in depth layer for
the S arrivals shown in velocity percent change, along with ray coverage on the right.
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Figures above show synthetic checkerboard inserted in the 12 to 16 km in depth layer for
the P arrivals shown in velocity percent change, along with ray coverage on the right.
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Figures above show synthetic checkerboard inserted in the 12 to 16 km in depth layer for
the S arrivals shown in velocity percent change, along with ray coverage on the right.
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Figures above show synthetic checkerboard inserted in the 16 to 22 km in depth layer for
the P arrivals shown in velocity percent change, along with ray coverage on the right.
Below 18 km resolution diminishes to nothing and anomalies cannot be resolved.

Figures above show synthetic checkerboard inserted in the 16 to22 km in depth layer for
the S arrivals shown in velocity percent change, along with ray coverage on the right.
Below 18 km resolution diminishes to nothing and anomalies cannot be resolved.
For 22 to 30 km in depth, the ray coverage was not very good and, therefore, a synthetic
checkerboard was indiscernible in that layer.
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Figures above show the absolute velocity values for the P wave arrivals in the left
column, while in the right column is the corresponding ray coverage for every 2 km in
our modified VELEST model.
60

61

62

Figures above show the absolute velocity values for the S wave arrivals in the left
column, while in the right column is the corresponding ray coverage for every 2 km in
our modified VELEST model.
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